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Abstract 
THERE is an increasing need for biodegradable plastics because 
they are environmentally friendly and can replace petroleum-
based non-degradable plastics which pollute the environment.  
Starch-derived films reinforced with sugar cane bagasse fibre, 
which are biodegradable, have been prepared and characterised by 
gravimetric analysis for moisture uptake, X-ray powder 
diffraction for crystallinity, and tensile testing for mechanical 
properties.   
Results have shown that the addition of bagasse fibre (5 wt%,  
10 wt% or 20 wt%) to either (modified) potato starch (Soluble 
starch) or hydroxypropylated maize starch reduced moisture 
uptake by up to 30% at 58% relative humidity (RH).  Also, the 
tensile strength and the Young’s Modulus increased up to 63% 
and 80% respectively, with the maximum value obtained with  
5 wt% fibre at 58% RH.  However, the tensile strain of the films 
significantly decreased by up to 84%.  The results have been 
explained based on the crystallinity of the films and the intrinsic 
properties of starch and bagasse fibres. 
 
Introduction 
Non-degradable plastics are widely used in the packaging industry because they 
are durable, have good chemical and mechanical properties, and are inexpensive.  
However, their costs are constantly increasing as a consequence of depleting global 
supplies of fossil fuels.  There is evidence that the accumulation of non-degradable 
plastics harms the environment, as they are either disposed into landfill sites or 
incinerated (Yu et al., 2006).  Therefore, there is demand to replace these materials with 
  
biodegradable ones derived from plant sources (Yu et al., 2006).  Starch-based polymers 
are one such material, becoming popular because of their low cost, their abundance, and 
ease to be chemically modified.  Unfortunately, these materials are hydrophilic and 
absorb moisture from air and so cannot directly be used in many applications.  Also, they 
have a tendency to undergo ‘retrogradation’ (i.e., recrystallisation on storage) and 
become brittle and fragile with time.  To overcome some of these intrinsic properties, 
additives (e.g., plasticisers), cross-linking agents or blending with natural fillers (e.g. 
cellulosic fibres) have been used (Averous and Halley, 2009; Teixeira et al., 2009; Chen 
et al., 2009; Angles and Dufresne, 2000; Alemdar and Sain, 2008).  Composites of starch 
and cellulose fibres have been reported to have improved mechanical properties because 
of good fibre-starch interactions (Averous and Halley, 2009). 
Lignocellulose materials have great potential as reinforcing fibres for starch 
because they contain cellulosic fibres, are abundant, renewable, and have high tensile 
strength.  Bagasse is a lignocellulose material, is a good source of cellulose fibre, and has 
an average tensile strength of 222 MPa (Satayanarayana et al., 2009).  It was investigated 
in the present study for its suitability as reinforcing fibre material for starch.  The effect 
of bagasse loading on moisture uptake and mechanical properties of two starch types 
(soluble starch and hydroxypropylated starch) were investigated.  
Materials and methods  
Materials 
Hydroxypropylated high amylose (80% amylose and 20% amylopectin) maize 
starch (G939) was supplied by National Starch Pty. Ltd. (Lane Cove, NSW, Australia).  
High amylose starch is desirable to use because it tends to reduce moisture uptake 
compared to other starches (Lafargue et al., 2007). However, high amylose starches will 
not gelatinise until above 100 °C boiling temperature.  To overcome this, they are usually 
hydroxypropylated.   
The other starch (brand named Soluble starch) derived from acid hydrolysis of 
potato starch (25% amylose and 75% amylopectin) obtained from Sigma-Aldrich  
(St. Louis, MO, USA) was selected because it has low amylose content and is easy to 
gelatinise.  Glycerol was supplied from Merck (Kilsyth, VIC, Australia) was the 
plasticiser used to reduce film brittleness.   
Sugar cane bagasse fibre was obtained from Racecourse Mill (Mackay, QLD, 
Australia).  It was thoroughly washed, dried and de-pithed before being milled using a 
Wiley mill and then further milled using a planetary ball mill.  The milled material was 
screened using 63 µm and 85 µm mesh screens. 
  
Film preparation method 
Starch (15 g) and glycerol (3.3 g and 3.6 g for G939 and Soluble starch 
respectively) were thoroughly mixed together before 450 mL distilled water was added to 
prepare a 4 wt% solution.  Bagasse fibre was then added at 0.75 g, 1.5 g and 3.0 g loading 
to produce 5 wt%, 10 wt% and 20 wt% fibre on starch.  The mixture was boiled while 
stirring vigorously for 25 min and then allowed to cool to 75 °C before being cast on a 
non-sticky tray and placed in a 65 °C oven to dry.  To avoid crystallisation of the cast 
films, drying temperature of 65 °C was selected to help produce an amorphous film 
(Lafargue et al., 2007).  It was desirable to have an amorphous film so that the degree of 
crystallinity can be attributed to other processing conditions or starch properties.  The 
cast film thickness varied between 0.25 mm and 0.35 mm.  
Uniform films were prepared by grinding the cast films using liquid nitrogen in a 
mortar and pestle (i.e., cryo-crushing) and hydrating to 25 wt% moisture, prior to hot 
pressing.  Hot pressing was conducted in a brass plate mould (90 mm x 60 mm x 1 mm) 
for 15 min at 120 °C and 150 °C for G939 and Soluble starch respectively.  A pressure of 
7.5 metric tons was applied and maintained during the cooling period until 65 °C was 
reached to avoid foaming of the film caused by escaping steam bubbles. 
Moisture conditioning  
Films were each placed into six relative humidity (RH) chambers using an 
aqueous salt solution of: K2SO4 (98% RH), KBr (81% RH), KI (70% RH), NaBr (58% 
RH), K2CO3 (43% RH), and CH3COOK (23% RH) until equilibration was reached 
(Greenspan, 1976).  The moisture uptake was measured gravimetrically from four 
samples, two from two separately prepared sheets.   
Wide angle X-ray diffraction 
X-ray powder diffraction (XRD) was performed by a diffractometer (XPERT-
PRO) using Cu-Kα1 radiation (λ = 1.5406 Å) and Cu-Kα2 radiation (λ = 1.5444 Å) at 40 
kV and 40 mA with a divergent slit fixed at 0.5°
 
and a 0.5 mm receiving slit, without 
using any monochomator.  The scanning range was between 2θ = 4° and 2θ = 30° with a 
step size of 2θ = 0.0167°.  Wide angle X-ray diffractograms of the starch films were 
made by exposing the film samples cut into approximately 15 mm × 20 mm rectangular 
shapes to the X-ray beam.  The degree of crystallinity (Xc) of the films was determined 
using the method described by Dai et al. (2008) using Equation 1: 
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(Eq. 1)  
where Ac 
refers to the sum of the crystallised peak areas above the amorphous area 
and Aa refers to the amorphous area on the X-ray diffractogram.  
  
Tensile testing 
Dumbbell-shaped specimens were punched out from the freshly hot-pressed 1 mm 
thick starch polymer films using the ASTM Standard D 638M (1996) Type M-III die for 
tensile testing.  These specimens were then conditioned at 25 °C until a constant moisture 
weight was reached at equilibrium (approximately 8 to 10 days) at six different RHs.  An 
Instron 4505 tensile testing machine equipped with a 100 N load cell for enhanced 
sensitivity was used to measure the tensile stress.  Soft grips were employed to help 
prevent the delicate starch polymer specimens from being damaged by the machine grips.  
A cross-head speed of 1 mm/min was used during testing.   
The tensile strength (stress) was determined by dividing the force measured by the 
load cell by the cross sectional area of the specimen.  The measure of the film’s change in 
shape (strain) was determined by the length extension % of the original specimen length.  
The elastic modulus or Young’s Modulus is a measure of the amount of stress needed to 
change the shape, was calculated automatically from the initial slope of the stress-strain 
curve by the software used for the Instron machine.  The strain at yield is the point where 
less stress is required to increase the strain, whereas the strain a break is the maximum 
strain where the film breaks.  The error analysis with a 95% confidence limit was 
determined based on the standard error multiplied by the statistical ‘t’ value depending on 
the number of specimens.   
Results and discussion 
Moisture uptake 
Tables 1 to 4 show the moisture uptake and the crystallinity of the films.  As 
expected, as the RH increases so does the moisture uptake.  Films derived from G939 
absorbed the highest moisture at 98% RH when compared to Soluble starch-derived films 
and the films without fibre.  The addition of fibre reduced the amount of moisture uptake 
up to 81% RH, except with the Soluble starch film containing 20 wt% fibre.  The 
moisture uptake at 23% RH for films containing fibre was ~50% lower than those 
without fibre.  At 58% RH the reduction in moisture uptake was ~30%.  However, 
increasing the bagasse fibre content from 5 wt% to 20 wt% (at least at 23% RH) did not 
improve the film’s resistance towards moisture uptake.  It was expected that an increase 
in fibre content would decrease film moisture uptake due to the cellulose fibres displacing 
more of the starch molecules, which are comparatively more hydrophilic.  As this did not 
occur for a majority of the samples, it is probable that the increase in the proportion of 
lignin (a major component of bagasse), as a consequence of the increase in fibre loading, 
must have an overriding effect by interfering with hydrogen bonding between the fibres, 
glycerol and starch (Le Digabel and Averous, 2006). 
The most probable explanation for the highest moisture uptake observed for G939 
starch–derived films at 98% RH is related to the bulky hydroxypropylated groups which 
sterically hinder adjacent amylose polymer chains from effectively connecting and 
opening the starch structure.  This will allow readily available water molecules to 
hydrogen bond with the polymer chains. 
  
Table 1—Moisture and crystallinity of starch films. 
 
 
 
 
 
 
 
 
 
Table 2—Moisture and crystallinity of starch-fibre films containing 5 wt% fibre. 
 
 
 
 
 
 
 
Table 3—Moisture and crystallinity of starch-fibre films containing 10 wt% fibre. 
 
 
 
 
 
 
 
Table 4—Moisture and crystallinity starch-fibre films containing 20 wt% fibre. 
 
 
 
 
 
 
 
Relative 
humidity 
(% RH) 
Soluble starch films G939 starch films 
Moisture 
% (wt) 
Crystallinity 
% 
Moisture 
% (wt) 
Crystallinity 
% 
98 37.0 ± 3.3 28 ± 2.4 42.0 ± 3.6 20 ± 2.3 
81 25.4 ± 2.1 19 ± 1.4 25.0 ± 2.3 12 ± 1.3 
70 18.4 ± 1.7 15 ± 0.98 18.0 ± 1.6 12 ± 0.54 
58 14.1 ± 1.3 14 ± 0.65 13.6 ± 1.3 8.0 ± 0.48 
43 10.8 ± 1.0 12 ± 0.75 10.2 ± 1.1 7.0 ± 0.45 
23 7.2 ± 0.90 10 ± 0.45 6.7 ± 0.8 5.8 ± 0.32 
Relative 
humidity 
(% RH) 
Soluble starch films G939 starch films 
Moisture 
% (wt) 
Crystallinity 
% 
Moisture 
% (wt) 
Crystallinity 
% 
98 37.1 ± 3.2 21.1 ± 1.8 53.6 ± 4.5 12.6 ± 1.3 
81 22.6 ± 2.4 11.7 ± 1.2 22.3 ± 2.2 8.1 ± 0.82 
70 15.7 ± 1.7 8.7 ± 1.1 15.3 ± 1.6 6.7 ± 0.80 
58 11.5 ± 1.2 7.8 ± 0.85 10.9 ± 1.2 5.8 ± 0.62 
43 8.1 ± 0.86 9.4 ± 1.2 7.8 ± 0.82 5.1 ± 0.52 
23 4.7 ± 0.52 6.7 ± 0.62 4.6 ± 0.42 4.8 ± 0.55 
Relative 
humidity 
(% RH) 
Soluble starch films G939 starch films 
Moisture 
% (wt) 
Crystallinity 
% 
Moisture 
% (wt) 
Crystallinity 
% 
98 36.6 ± 3.2 35.7 ± 2.8 50.0 ± 3.5 29.6 ± 2.3 
81 21.5 ± 2.3 19.1 ± 1.7 21.4 ± 2.1 16.7 ± 1.4 
70 14.6 ± 1.3 20.4 ± 1.9 14.2 ± 1.3 10.5 ± 0.95 
58 10.7 ±1.0 21.3 ± 2.2 10.1 ± 1.1 9.7 ± 0.83 
43 7.0 ± 0.81 13.4 ± 1.2 6.6 ± 0.71 11.3 ± 0.84 
23 3.7 ± 0.38 10.6 ± 0.85 3.3 ± 0.48 6.6 ± 0.64 
Relative 
humidity 
(% RH) 
Soluble starch films G939 starch films 
Moisture 
% (wt) 
Crystallinity 
% 
Moisture 
% (wt) 
Crystallinity 
% 
98 34.6 ± 3.1 29.0 ± 2.5 44.5 ± 3.6 25.5 ± 2.2 
81 20.8 ± 1.9 18.5 ± 1.6 21.0 ± 2.0 25.4 ± 2.1 
70 14.1 ± 1.2 15.8 ± 1.3 14.3 ± 1.3 14.6 ± 1.3 
58 10.1 ± 0.91 12.8 ± 1.0 10.3 ± 1.1 12.8 ± 1.1 
43 7.0 ± 0.80 10.2 ± 0.96 7.3 ± 0.83 9.9 ± 0.82 
23 3.7 ± 0.49 11.1 ± 1.1 4.0 ± 0.51 11.4 ± 1.2 
  
Crystallinity 
Tables 1 to 4 show that the crystallinities of the films increases with increasing 
RH.  An increase in moisture uptake results in a corresponding increase in crystallinity.  
This relationship can partly be explained if the glass transition temperature, Tg (i.e., 
softening point), of the material is examined (Tg values were not reported in the paper).  
A material of low moisture content will be stiff and this will result in an increase in Tg 
and thus prevent crystallisation at ambient temperature. With increasing moisture content 
the Tg will keep decreasing with corresponding increases in the crystallinity.  In the case 
where fibre is present and there is bonding between the fibre and starch, the film will be 
stiffer and the Tg will increase resulting in a further decrease in crystallinity. 
As shown in Tables 1 to 4 the crystallinities of the starch films are generally lower 
than those of the starch–fibre films, with the exception of the films containing 5 wt% 
fibre.  This may simply be because of lack of strong bonding between the bagasse fibre 
and starch at these bagasse loadings (except for 5 wt% fibre) and/or due to the starch 
property.  Now, bagasse fibre is crystalline (~67%, Karatzos et al., 2011) because of the 
cellulose component, and so the addition of fibre to starch should increase the bulk 
crystallinity of the material.  This was observed for the films containing 10 wt% and 20 
wt% fibre.  However, as shown in the previous section, the addition of fibre lowers 
moisture uptake and so a decrease in moisture uptake will reduce starch retrogradation 
(i.e., crystallisation) and lower the crystallinity of the material.  So, if the contribution of 
bagasse crystallinity outweighs the contribution due to retrogradation, the bulk 
crystallinities of the materials containing fibre will be higher than materials without fibre.  
This may be the explanation for the films containing 10 wt% and 20 wt% having higher 
crystallinities.  The reverse will be true for the films containing 5 wt% fibre. 
It would seem that despite the G939 films containing more moisture than the 
Soluble starch films, they are less crystalline.  This is likely due to the bulky 
hydroxypropylated groups of G939 preventing the polymer chains from getting close 
enough together to recrystallise due to steric hindrance. 
Tensile testing results 
Tensile test results show there was a dramatic decrease in the strain at yield and 
strain at break with the starch-fibre films (Tables 5 and 6, and Figure 1).  The strain at 
yield and strain at break dropped by up to 84% and 65% respectively for the G939 film 
conditioned at 58% RH containing 5 wt% fibre, relative to the same film with no fibre.  
This indicates that fibre addition significantly increased the stiffness of the film. 
Tensile strength and Young’s modulus for the starch-fibre films are significantly 
higher than the films without fibre (Tables 5 and 6).  These increases are not as 
significant at the higher RHs for the Soluble starch-based films.  The tensile strength of 
Soluble starch at 58% RH increased from 3.06 MPa with no fibre to 4.40 MPa and 3.21 
MPa with the addition of 5 wt% fibre and 10 wt% fibre respectively.  However, the 
strength decreased to 2.65 MPa with the addition of 20 wt% fibre.  The results with G939 
  
(Table 6) show that the tensile strength increased from 2.51 MPa with no fibre to 4.11 
MPa for the film containing 5 wt% fibre.  The value was also higher with the films 
containing 10 wt% and 20 wt % fibre than the film without fibre.  As such, fibre addition 
increased the tensile strength and the Young’s Modulus by up to 63% and 80% 
respectively, with the addition of 5 wt% fibre for starch films at 58% RH.   
The increase in tensile strength indicates that bonding between the starch matrix 
and bagasse fibre is strong enough to allow the transfer of strength from the cellulose 
fibre to starch during testing.  However, the decrease in film strength may be due to fibre 
aggregation during casting and/or lignin or other components reducing the fibre to starch 
matrix bond.  
Tensile testing results obtained in the present study show the same trend reported 
in the literature (Vallejos et al., 2011; Prachayawarakorn et al., 2010).  The tensile 
strength for starch/glycerol films containing up to 10 wt% fibre increased by 44% and 
200% using de-lignified sugarcane bagasse (Vallejos et al., 2011) and cotton fibre 
(Prachayawarakorn et al., 2010) as reinforcement respectively.  In both cases the authors 
found that increasing the fibre content to 15 wt% decreased the film tensile strength.  
Vallejos et al., (2011) suggested that bagasse fibre agglomeration and poor dispersion in 
the matrix took place if more than 10 wt% fibre was added.  Prachayawarakorn et al., 
(2010) suggested that the decline of tensile strength was possibly due to the discontinuity 
of the starch matrix from fibre overloading.   
The amount of error determined from the standard error depended on the 
variability of the data more so than the overall number of specimens used and overall the 
trends observed are supported by the data.     
  
Table 5—Mechanical properties of Soluble starch-based films*
+
 
Relative  
humidity  
 
(% RH) 
Bagasse  
 
 
(%) 
Young's 
Modulus  
 
(MPa) 
Max. 
tensile 
stress  
(MPa) 
Strain at 
yield  
 
(%) 
Strain at 
break 
 
(%) 
81 
20 18.1 0.909 7.60 8.75 
10 18.5 1.11 9.62 11.2 
5 19.0 1.67 16.9 17.8 
0 10.7 1.32 37.5 39.4 
70 
20 31.4 1.23 10.2 11.4 
10 35.3 1.92 14.9 16.1 
5 42.0 2.85 27.3 31.1 
0 24.1 1.85 39.5 43.3 
58 
20 104 2.65 12.2 13.9 
10 86.2 3.21 18.6 20.8 
5 120 4.40 19.7 25.2 
0 66.3 3.06 42.5 49.4 
43 
20 263 5.95 2.6 2.8 
10 200 6.80 4.8 9.2 
5 276 10.3 4.4 4.6 
0 211 7.16 4.9 11.5 
23 
20 316 6.92 1.75 1.76 
10 307 8.54 2.74 2.75 
5 372 14.4 3.63 3.65 
0 340 11.7 3.62 3.64 
*Mean of at least 5 repeats   
 
+
An approximate error of 15 percent was determined with a confidence limit of 95%. 
  
Table 6—Mechanical properties of G939-based films*
+ 
Relative  
humidity  
 
(% RH) 
Bagasse  
 
 
(wt %) 
Young's 
Modulus  
 
(MPa) 
Max. 
tensile 
stress  
(MPa) 
Strain 
at yield  
 
(%) 
Strain at 
break 
 
(%) 
81 
20 10.1 0.98 25.6 28.8 
10 7.51 0.97 38.2 41.1 
5 11.9 1.40 53.4 59.1 
0 6.20 1.00 74.4 80.3 
70 
20 34.6 1.52 29.2 36.3 
10 22.3 1.45 47.6 52.7 
5 31.4 1.93 61.4 72.5 
0 16.6 1.57 97.0 103 
58 
20 131 3.41 14.1 24.2 
10 75.7 2.88 25.0 33.2 
5 94.6 4.11 9.5 25.7 
0 60.1 2.51 69.1 73.1 
43 
20 297 6.90 2.62 2.80 
10 293 9.60 3.82 5.05 
5 294 12.8 4.85 5.26 
0 298 10.7 5.07 11.7 
23 
20 281 12.9 4.53 4.64 
10 297 13.8 5.32 5.37 
5 381 18.7 4.89 4.91 
0 310 17.2 7.42 11.6 
*Mean of at least 5 repeats 
+
 An approximate error of less than 15 percent was determined with a confidence 
limit of 95%. 
In summary, as there was improvement in both moisture uptake and tensile 
strength properties with fibre addition, some bonding between starch and bagasse fibres 
must have taken place.  Further improvement is currently being considered including the 
removal of the lignin component of bagasse prior to fibre size reduction and increasing 
the fibre aspect ratio.  This would enhance surface bonding and improve adhesion 
between fibre and starch. 
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Fig 1.—Tensile stress vs. strain graph for Soluble starch films conditioned at 58% RH reinforced 
with sugar cane bagasse fibre 
Conclusion 
It was envisaged that grinding bagasse fibres down to micron size range without 
delignification will significantly improve the resistance of starch films to moisture uptake 
and improve the mechanical properties.  Although the present work has shown some 
positive results, the benefits are marginal.  Current study is looking into improving the 
fibre-starch bonding properties with simple modification strategies including the use of 
reactive extrusion. 
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